Magnetocaloric effects of Fe 49 (Rh 1Àx Pd x ) 51 alloys with x ¼ 0:0, 0.01, 0.03, 0.06, 0.07, 0.08, and 0.09, were investigated using resistivity, magnetization, specific heat, and direct measurement of the adiabatic temperature change ÁT. Magnetization measurements yielded experimental values of the isothermal magnetic-entropy change ÁS for all the samples. The critical temperature of the anitiferromagneticferromagnetic transition was found to depend largely on the substitution concentrations of Pd. A broad peak in ÁS, up to 1.7 JÁmol À1 K À1 and some 90 K broad around room temperature, was observed with a field change of ÁB ¼ 0 to 7 T for Fe 49 (Rh 0:97 Pd 0:03 ) 51 . The specific heat data of Fe 49 (Rh 0:97 Pd 0:03 ) 51 made it possible to estimate the ÁT values for various external fields. This estimated value of ÁT compares well with the value measured directly using a thermocouple.
Introduction
The adiabatic demagnetization technique has been used to achieve ultra-low temperatures since the 1930's, mainly for studies of fundamental phenomena in physics. 1) Recently there has been renewed interest in this technique due to potential practical use as a magnetic refrigerator.
2) An important factor to realise such applications is the finding of suitable materials possessing large isothermal magneticentropy changes (ÁS) or adiabatic temperature changes (ÁT). Examples of potential materials are Gd 5 (Si 2 Ge 2 ), 3) La(Fe x Si 1Àx ) 13 , 4) Mn(As 1Àx Sb x ), 5) which show first-order magnetic transitions coupled to large magnetocaloric effects (MCE). It is well known that the Fe-Rh alloys undergo a firstorder transition from an antiferromagnetic (AF) to ferromagnetic (F) state as the temperature is raised crossing the critical temperature (T cr ) and the application of a magnetic field below T cr is accompanied by a large ÁS.
6) Physical properties of the Fe-Rh alloys are extremely sensitive to the chemical composition and sample preparation procedure. 6, 7) Comprehensive MCE studies of Fe 49 Rh 51 can be found in the literature. [8] [9] [10] 
Experimental Details
All the samples were made by an identical method. The constituent elements of Fe(purity: 4N), Rh(3N8), and Pd(3N6) were melted in an argon arc furnace. The melted ingots were firstly cut to the proper size for measurements, and annealed in a vacuum for one week at 1273 K, then rapidly cooled in ice water. X-ray diffraction, using CuK radiation, was recorded at cut-surfaces of the samples and revealed predominately the CsCl-type structure together with small amounts of the fcc phase, as previously reported. [12] [13] [14] (Since FeRh is an ordered alloy, we adopted a molar mass of 159.69 g/mole) Deduced values of the lattice parameters for the CsCl-type structure of the samples are listed in Table 1 . The lattice parameters monotonically increase with the Pd substitution up to x ¼ 0:09 due to the difference of ionradius between Rh and Pd. Magnetization data were measured in the temperature range from 2 to 350 K in external fields B up to 7 T using a SQUID (Quantum Design, MPMS) or a physical property measurement system (Quantum Design, PPMS). The resistivity and specific heat data of the samples were obtained with PPMS. Direct measurements of ÁT were carried out using a water-cooled magnet in the field change of ÁB ¼ 0 to 1.5 T. The selected samples were in turn fixed on a Teflon holder and a ceramic-coated thermocouple (alumel-chromel wrires of 0.01 mm in diameter) was glued to the sample. The holder and the thermocouple were placed in an evacuated quartz tube, which allowed the sample to be kept at a controlled temperature, and rapidly inserted or removed from the magnetic field.
Results and Discussions

Resistivity
Resistivity () measurements were carried out for all the samples. vs. T curves for Fe 49 (Rh 1Àx Pd x ) 51 are shown in Table 1 Lattice parameter, critical temperature, hysteresis width, resistivity ratio, shift of transition temperature, maximum value of entropy change in Fe 49 (Rh 1Àx Pd x ) 51 . 51 . This result indicates that the physical properties of Fe-Rh alloys are extremely composition sensitive.
The hysteresis width (ÁT cr ) was evaluated as ÁT cr ¼ T cr (up)-T cr (down) when the temperature varied upward or downward crossing T cr on the vs. T curves. The ratio of resistivity change between the AF and F states, MR ¼ fðAFÞ À ðFÞg=ðFÞ, is also evaluated around T cr . The ÁT cr and MR values are listed in Table 1 , together with T cr (up). The magnitudes of ÁT cr and MR well correlated with the T cr values. These features have been interpreted on the basis of spin-dependent scattering of the conduction electrons and changes in the band structure at the Fermi level; the existence of an energy gap at the superzone boundaries in the AF state. 11, [15] [16] [17] [18] [19] [20] 
Magnetization
The temperature dependence of magnetization (M vs. T) was measured with various (constant) applied fields (B) with increasing temperature. Figure 2 shows the M vs. The magnetization changes between the AF and F states slightly decrease along with the variation of T M , implying a decrease of the strength of the MCE.
The magnetic entropy change (ÁS) is estimated via the Maxwell's thermodymanic equation, Fig. 7 , in which ÁB ¼ 0 to 1.0 T and 0 to 2.0 T. As x increases up to 0.08, the temperature at which ÁS is a maximum moves downward, the magnitude of ÁS reduces and the ÁS width increases. Thus, it is found that the substitution of Pd for Rh can control the effective range of MCE in Fe-Rh alloys. The peak values of ÁS with ÁB ¼ 0 to 2.0 T are listed in Table 1 .
Adiabatic temperature change
From the thermodynamic relation between heat capacity (C) and entropy (S), C dT ¼ T dS, we can evaluate the temperature dependence of S from the C vs. T measurements, using the following equation:
The entropy at T ¼ 0 K should be zero; S 0 ¼ 0. The C vs. T data of Fe 49 (Rh 0:97 Pd 0:03 ) 51 was recorded in the range between 2 and 280 K, with increasing T, as shown in Fig. 8 . The specific heat data has a sharp peak at about 272 K due to a first-order phase transition. The inset figure is the calculated entropy (S) as a function of T. Combining the S vs. T data in Fig. 8 with the ÁS vs. T data in Fig. 5 , we constructed a graph of a field dependence of S of Fe 49 (Rh 0:97 Pd 0:03 ) 51 against T, which is given in Fig. 9 , where only the low-field curves for B f ¼ 1:0, 1.5, and 2.0 T are drawn. The graph in is approximately 8 K with ÁB ¼ 0 to 1.5 T, which agrees with the previously reported value of about 7.5 K. 10) The observed variations of ÁT in Fig. 10 resemble those of ÁS in Fig. 7 .
In conclusion, the adiabatic temperature changes of Fe 49 (Rh 1Àx Pd x ) 51 were investigated by the two different methods: a combination of MðTÞ and CðTÞ measurements and direct measurements. Both results gave similar ÁT values, suggesting that the our estimations of ÁS are reliable. Furthermore our ÁS calculations from the MðTÞ measurements indicated that the substitution of Pd for Rh (less than 8%) realized a wide active temperature range for the MCE. 
